We have examined the murine genes encoding transcription factors E2F1, -3, -5 and -6 in gametes and early embryos. All genes are expressed as maternal transcripts and all are ef®ciently transcribed after the blastocyst stage. Between those two stages, each E2F mRNA is transcribed with a distinctive and unique pattern. E2F proteins are also differentially expressed and compartmentalized in pre-implantation embryos. q
Results and discussion
Mammalian E2F factors are key transcriptional regulators of genes required for DNA replication and cell cycle progression (reviewed by Dyson, 1998; Lavia and JansenDu Èrr, 1999) . Six related genes encode E2F family members, which can be subdivided in three groups (Mu Èller and Helin, 2000) : E2F1, E2F2 and E2F3 trans-activate target genes at the G1/S boundary of the cell cycle and, when overexpressed, induce S-phase entry; E2F-1 also regulates apoptosis. The second group includes E2F4 and E2F5, both of which are intrinsically cytoplasmic proteins and are transported to the nucleus in complexes with repressing factors, thus ensuring repression of cell cycle genes during quiescence. The last group only comprises E2F6, an atypical member carrying no transcriptional activation domain which negatively interferes with E2F-driven transcription: enforced E2F6 expression blocks or delays the cell cycle. Given their ability to regulate proliferation, E2F factors are expected to be critically important in early development.
In early studies of zygotic genome activation, the EIIa promoter, which is a regulatory target of E2F factors, was found to be ef®ciently transcribed in oocytes with¯uctua-tions in pre-implantation stages and a sharp decline after implantation (Dooley et al., 1989 ; reviewed by Nothias et al., 1995) . These studies re¯ected the pooled activity of E2F members present at those stages. More recent studies in murine embryos depicted distinctive patterns of expression of E2F mRNAs after 9.5 d.p.c. (Tevosian et al., 1996; Dagnino et al., 1997a,b) : expression of E2F5 was found to be associated with differentiation, and E2F1 with proliferation signals. As yet, E2F factors have not been examined in gametes or pre-implantation embryos.
Here we have examined the murine genes encoding E2F1, -3, -5 and -6 in gametes and early embryos by RT-PCR. Identity and speci®city of each transcript was ascertained by sequencing the egg RT-PCR products (not shown) and hybridizing ampli®ed products (Fig. 1A , lower row of each panel) with an internal primer (Table 1) . Data are quanti®ed in Fig. 1B . The E2F1 mRNA is abundant in eggs, gradually decreases during the ®rst rounds of cleavage and is newly detected at high levels in blastocysts. E2F3 mRNA is also abundant in oocytes, declines abruptly in two-cell embryos and remains barely detectable until transcription is resumed in blastocysts. E2F3 mRNA is also present in mature spermatozoa. E2F5 is steadily transcribed at all stages and in gametes of both sexes. E2F6 mRNA is Transcription is resumed at the four-cell stage, when cleavage of blastomeres becomes sharply asynchronous. E2F expression after implantation (7±11 d.p.c) is shown in Fig.  2 : E2F1, -3 and -5 mRNA levels are relatively constant after the blastocyst stage, while E2F6 mRNA transcription increases as development progresses (9±11 d.p.c.) . Thus, all E2F mRNAs are maternally expressed and are steadily transcribed after day 7, with the exception of E2F6 which is further up-regulated. During pre-implantation, each E2F gene is expressed with a stage-speci®c pattern.
E2F gene products were further examined in pre-implan- Mean and SEM (in arbitrary units) were calculated after normalizing E2F-speci®c counts to those obtained for the b-actin product in a parallel RT-PCR reaction. Three to seven independent experiments were carried out for each factor. tation embryos by indirect immuno¯uorescence (IF). In contrast with the abundance of E2F1 mRNA (see Fig.   1A ), very little or no E2F1 protein is present in eggs (Fig.  3a) . E2F1 protein begins to be synthesized at the two-cell Fig. 3 . E2F factors in eggs (a±c), two-cell embryos (d±f), morulae (g±i) and blastocysts (j±o). E2F1 is shown in the left column, E2F3 in the middle column and E2F5 in the right column. Merged pictures were obtained using the Adobe PhotoShop software: DAPI is pseudocolored in red and the E2F-speci®c IF signal in green. Regions of overlap, corresponding to the IF staining of factors with a nuclear location, appear in orange/yellow (see for example panels e and h). In contrast, DAPI-stained nuclei devoid of E2F signal are intensely red (panels f, i, l, o). All images were taken with a 40£ objective (266.3£ magni®cation). Panels (m±o) are PhotoShop processed pictures of the blastocysts in (j±l) and correspond to a 932.05£ magni®cation to resolve single blastomeres. All photographs were taken at the same exposure to allow comparison of the¯uorescence intensity.
stage ( Fig. 3d ) and progressively increases as embryos progress to the blastocyst stage (Fig. 3j) . The localization of E2F1 is diffuse both in the cytoplasm (see for example Fig. 3g ) and in the nucleus, as indicated by the orange staining of nuclei resulting from the merged DAPI (red) and IF (green) signals (Fig. 3j,m) . E2F3 is highly abundant in the cytoplasm of unfertilized egg (Fig. 3b) . E2F3 is imported in nuclei after the ®rst cleavage (Fig. 3e) , and in bastocysts shows a speci®c nuclear organization in discrete spots (Fig. 3k,n) . Antibodies against the N-or C-terminus gave comparable patterns, indicating that the entire E2F3 protein pool is nuclear. Finally, E2F5 was detected at all examined stages. The compartmentalization of the green IF signal in the cytoplasm and the red DAPI signal in nuclei (Fig. 3f,i,l,o) indicates that E2F5 essentially resides in the cytoplasm throughout pre-implantation.
Methods
In vitro fertilization experiments were carried out as in Zaccagnini et al. (1998) using epididymal spermatozoa from CD1 males and eggs from superovulated B6D2F1 females. Embryos were cultured in vitro to the bastocyst stage. Later stages until 11 d.p.c. were obtained from two-cell embryos that were implanted in foster mothers. RNA was extracted from testis, gametes and embryos using TRIZOL reagent (GIBCO BRL). E2F-speci®c primers (Table 1) were designed within low homology gene regions. Control experiments with NIH/3T3 embryo ®broblast RNA yielded RT-PCR products of comparable abundance for E2F1, -3 and -5, but not E2F6. E2F6 mRNA was ef®ciently expressed both in myoblast and myotube cultures from C2C12 myogenic cells, which were therefore used in control reactions with E2F6. RT-PCR products in early-cleavage embryos were analyzed using RNA templates corresponding to 7±10 cells, 1 mM primers and the`Titane One Tube RT-PCR System' (Boehringer) in 1 cycle of retrotranscription (30 min at 508C and 2 min at 948C) and 40 cycles of DNA ampli®cation (948C/608C/688C). To examine postimplantation stages, we either lowered the number of cycles to 25, or varied the primer concentration (0.4-1 mM). In all experiments, a parallel reaction was set up with b-actin primers (Stratagene). In control reactions no RT enzyme was included. Ampli®ed products were electrophoresed and either gel-puri®ed and sequenced, or transferred on membranes and hybridized using g-ATP-labeled internal oligonucleotides. Antibodies for IF studies (Santa-Cruz Biotechnology Inc.) included: KH95 (E2F1); N-20 and C-18 (E2F3); E-19 and MH5 (E2F5). All antibodies were preliminarily tested in Western assays and gave speci®c IF signals in NIH/3T3 cells. E2F6 could not be analyzed due to the lack of a suitable antibody. Eggs and embryos were ®xed, permeabilized and processed as described by Sinerly and Schatten (1993) . After blocking in PBS containing 20% goat serum, slides were incubated with primary antibodies (5 mg/ml, 1 h at 378C), washed, incubated for 30 min with¯uorescein-conjugated secondary antibodies (Calbiochem), washed again, counterstained with 2 mg/ml DAPI, and mounted in Vectashield medium (Vector Labs Inc, Burlingame, CA). In control experiments, secondary antibodies were used alone. Images were recorded using a Zeiss microscope con®gured for epi¯uorescence and equipped with a cooled CCD camera (Photometrics). 
